HEPATOLOGY

ETAASLD

AMERICAN ASSOCIATION FOR
THE STUDY OF LIVER DISEASES

HEPATOLOGY, VOL. 74,NO. 5,2021

MRI-Based Iron Phenotyping and Patient
Selection for Next-Generation Sequencing
of Non—Homeostatic Iron Regulator
Hemochromatosis Genes

André Viveiros

! Benedikt Schaefer,! Marlene Panzer,’ Benjamin Henninger,2 Michaela Plaikner,? Christian Kremser,”

André Franke,® Séren Franzenburg,3 Marc P. Hoeppner,3 Reinhard Stauder,* Andreas ]an«;‘tt:ke,s’6 Herbert Tilg,1 and Heinz Zoller = !

BACKGROUND AND AIMS: High serum ferritin is fre-
quent among patients with chronic liver disease and com-
monly associated with hepatic iron overload. Genetic causes
of high liver iron include homozygosity for the p.Cys282Tyr
variant in homeostatic iron regulator (HFE) and rare variants
in non-HFE genes. The aims of the present study were to
describe the landscape and frequency of mutations in hemo-
chromatosis genes and determine whether patient selection by
noninvasive hepatic iron quantification using MRI improves
the diagnostic yield of next-generation sequencing (NGS) in
patients with hyperferritinemia.

APPROACH AND RESULTS: A cohort of 410 unselected
liver clinic patients with high serum ferritin (defined as
2200 pg/L for women and 2300 pg/L for men) was inves-
tigated by HFE genotyping and abdominal MRI R2* Forty-
one (10%) patients were homozygous for the p.Cys282Tyr
variant in HFE. Of the remaining 369 patients, 256 (69%)
had high transferrin saturation (TSAT; 245%) and 199 (53%)
had confirmed hepatic iron overload (liver R2* 270 sh). NGS
of hemochromatosis genes was carried out in 180 patients
with hepatic iron overload, and likely pathogenic variants were
identified in 68 of 180 (38%) patients, mainly in HFE (79%),

ceruloplasmin (25%), and transferrin receptor 2 (19%). Low
spleen iron (R2* <50 s7'), but not TSAT, was significantly
associated with the presence of mutations. In 167 patients
(93%), no monogenic cause of hepatic iron overload could be
identified.

CONCLUSIONS: In patients without homozygosity for
p-Cys282Tyr, coincident pathogenic variants in HFE and
non-HFE genes could explain hyperferritinemia with hepatic
iron overload in a subset of patients. Unlike HFE hemochro-
matosis, this type of polygenic hepatic iron overload presents
with variable TSAT. High ferritin in blood is an indicator of
the iron storage disease, hemochromatosis. A simple genetic
test establishes this diagnosis in the majority of patients af-
fected. MRI of the abdomen can guide further genetic test-
ing. (HepaToLogy 2021;74:2424-2435).

he concentration of serum ferritin is a surro-
gate of body iron. Hypoferritinemia is sensitive
and specific for iron deﬁciency.(l) In contrast,
hyperferritinemia can be caused by a range of disor-
ders, including iron overload, inflammation, metabolic
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syndrome, increased alcohol consumption, and malig-
nancies.?”> The diagnostic approach in patients with
elevated serum ferritin includes clinical, biochemical,
and genetic investigations as well as imaging studies.
The sequence of investigations and interpretation of
test results is determined by the specific clinical con-
text. Given that the liver is the primary organ for
excess iron storage, quantification of hepatic iron is a
key step in assessing the cause of hyperferritinemia.’®

The differential diagnosis of confirmed hepatic iron
overload includes repeated transfusions, intravenous
or oral iron therapy, homeostatic iron regulator (HFE)
hemochromatosis, and other inherited disorders of
iron metabolism.®” The commonest cause of hepatic
iron overload is hemochromatosis, which is genetically
heterogeneous and its penetrance modified by envi-
ronmental factors. In Whites, homozygosity for p.Cy-
s282Tyr in HFE accounts for hemochromatosis in
80%-90% of patients with the clinical diagnosis.>*1%)
Although the frequency of compound heterozygosity
for p.Cys282Tyr/p.His63Asp is higher in hemochro-
matosis patients than in the general population, this
genotype alone is not considered sufficient to cause
hepatic iron overload."™" In patients with early dis-
ease onset and severe clinical manifestations, recessive
mutations in hepcidin (HAMP), transferrin receptor
2 (TFR2), and hemojuvelin (H/J¥) have been identi-
fied.">'® In contrast, dominant mutations in solute
carrier family 40 member 1 (SLC40A41) are associated
with iron overload in patients with ferroportin disease
or hemochromatosis type 4,01316)

Genetic evaluation of patients with hepatic iron
overload beyond HFE genotyping therefore usually

requires sequencing of multiple genes. Recent studies
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show that next-generation sequencing (NGS) of mul-
tiple genes in patients with unexplained iron overload
is feasible, but potentially disease-causing variants
were identified in only a minority.(n_zo) A frequent
cause of hepatic iron overload is dysmetabolic iron
overload syndrome (DIOS), which is characterized
by mild hepatic iron overload associated with meta-
bolic syndrorne.(4) NAFLD, with high serum ferritin
and normal hepatic iron concentrations, is a condition
known as metabolic hyperferritinemia, which is asso-
ciated with increased risk of liver fibrosis.*!?

The presence of fatty liver disease and metabolic
syndrome does not rule out an underlying genetic
cause of iron overload or high ferritin, but genetic
testing beyond HFE genotyping is expensive and
time-consuming.

Another diagnostic challenge is that cirrhosis is
frequently associated with increased hepatic iron stor-
age,(23) which could be a consequence of an impaired
liver function or the cause of advanced liver disease.
Diagnostic algorithms have been proposed, when to
refer patients for genetic testing, but their diagnostic
utility is open for study.3+20)

Hepatic iron overload can result from the reduced
production of the iron hormone, hepcidin, in patients
with impaired liver function or direct inhibition
of hepcidin production by alcohol.”) Hepcidin is
normally produced and secreted by hepatocytes in
response to high iron. When circulating hepcidin
binds to the iron exporter, ferroportin, expressed in
hepatocytes, duodenal enterocytes, and macrophages,
terroportin is internalized and degraded, thereby
reducing cellular iron release.?”” Hepcidin deficiency
or resistance are the hallmark of hemochromatosis,
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alcoholic siderosis, and i 1ron overload in patients with
end-stage liver disease.?® At early stages, hepcidin
deficiency causes high plasma iron and increased
transferrin saturation (TSAT) with hepatic iron over-
load and low-to-normal spleen iron concentration.*”
Although hepcidin concentrations can be reliably
quantified in serum and plasma, the clinical utility of
measuring plasma hepcidin is also uncertain.®%*V

The aim of the present study was to assess hepatic
iron concentrations by MRI in a cohort of patients
with hyperferritinemia and determine the frequency
of HFE genotypes. NGS was carried out to study the
prevalence of variants in non-HFE genes in patients
with hepatic iron overload but no evidence of HFE
hemochromatosis. Each patient underwent a com-
prehensive panel of clinical and biochemical tests,
including serum hepcidin, as well as noninvasive
quantification liver stiffness and liver and spleen iron
concentration.
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Materials and Methods
PATIENT SELECTION AND DATA

A cohort of 451 unselected liver clinic patients
referred to the outpatient liver clinic at the University
Hospital of Innsbruck (Innsbruck, Austria) from
September 1,2007 to November 30, 2017 for the eval-
uation of hyperferritinemia (defined as 2200 pg/L for
women and 2300 pg/L for men) was investigated by
HFE genotyping and noninvasive liver and spleen iron
quantification with R2*-weighted MRI (Fig. 1). The
start date of this cohort corresponds to the MRI date.
Blood for biochemical and genetic analysis was taken
within 4 weeks before or after MRI. After exclusion
of 41 patients with history of blood transfusions in
the year before inclusion (date of MRI), clinical, bio-
chemical, and radiological data of 410 patients were
retrospectively analyzed. For survival analysis, patient

Nl TSAT
PN < 45%

MRI R2*
46%

Liver R2* > ol

Liver R2* < 70
170/369

[ ‘ [ — 1 ‘
SLC40A1 CcP BMP6
1/68 (1%) 17168 (25%) 4/68 (6%)

] — I 1
TFR2 HAMP

54/68 (79%) 13/68 (19%) 1/68 (1%)

FIG. 1. Study flowchart. Number of patients in different iron phenotype/genotype subgroups. Dual colored boxes show the relative

number of patients with TSAT > and < 45%.
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status (alive/dead) was assessed by a database query of
the National Health Insurance system (Hauptverband
der Sozialversicherungen) on January 29, 2019. Median
time from MRI to death or last patient follow-up was
26 months (4-63; 25th and 75th percentiles). From
199 patients with documented hepatic iron over-
load (defined as R2* 270 sec'®?%%)) but no HFE
hemochromatosis, 180 patients had given their writ-
ten informed consent and were selected for further
genetic testing by NGS. We received ethical approval
by the ethical committee of the Medical University of
Innsbruck to conduct this study (internal registration

no.: UN5093).

DEFINITION OF LIVER DISEASE
ETIOLOGY

Etiology of liver disease was classified according
to the clinical diagnosis extracted from the clini-
cal records and, whenever possible, confirmed with
retrospective assessment of histology, laboratory
parameters, and imaging data. Patients with alpha-1
antitrypsin deficiency, drug-induced liver injury, or
Wilson’s disease were classified as “others.”

HEPCIDIN 25 ELISA

Hepcidin was measured in 168 patients from
whom sera was available using the DRG Hepcidin 25
ELISA kit, according to the manufacturer’s instruc-
tions (DRG Instruments GmbH, Marburg, Germany).

STATISTICAL ANALYSIS

IBM SPSS Statistics (version 22.0.0.1; IBM Corp.,
Armonk, NY) and MedCalc software (version 17.7.2;
MedCalc Software, Ostend, Belgium) were used for
statistical analysis, and a significance value of 0.05 was
considered in all statistical tests. The Kolmogorow-
Smirnow test was used to test normality of distribution.
Not normally distributed variables were reanalyzed
after logarithmic transformation. Continuous vari-
ables were reported using median and 25th and 75th
percentiles and analyzed using the Student # test or
the Mann Whitney U test, as appropriate. Categorical
variables are expressed in frequencies (with percent-
ages in parenthesis) and were tested for significance
using the x* test or the Fisher’s exact test. Receiver
operating characteristic (ROC) calculations were
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performed, and the Youden index was applied to cal-
culate the optimal cut-off point. Kaplan-Meier anal-
ysis was then carried out to determine survival, and
groups were compared using the log-rank test. Uni-
and multivariate binary logistic regression show the

corresponding odds ratios (OR) and 95% CI.

IMAGING PROTOCOL AND
ANALYSIS

All patients were examined with a 1.5 Tesla MRI
scanner (Magnetom Avanto; Siemens Healthcare,
Erlangen, Germany). Patients were scanned in the
supine position using a standard anterior six-element
body matrix coil and six to nine elements of the inte-
grated spine matrix coil. R2* values were obtained
using a fat-saturated multigradient echo sequence
with 12 echoes (repetition time = 200 ms; echo time
[TE]-initial, 0.99 ms; Delta-TE, 1.41 ms; slice thick-
ness, 10 mm).®*** Hepatic iron overload was defined
as R2* 270 571,633 and hepatic iron concentrations
(HICs) were calculated through the equation: HIC
(mg/g) = 0.029 x liver R2* (sh) +0.137.89

NGS

Library Preparation

Libraries for sequencing were initially prepared
using the Nextera DNA Library Prep for Enrichment
(Illumina); for enrichment, the xGen Exome Research

Panel v1.0 was used (IDT), both according to the

manufacturer’s recommendations.

Sequencing

Sequencing data were generated on an Illumina
HiSeq 4000 instrument (Illumina, San Diego, CA),
using a read-length of 2 x 75 bp for the first 38
patients, and, in the remaining 142 patients, NovaSeq
S4 was used, using a read length of 2 x 100 bp. On
average, ~73x coverage of the exome target was
reached per sample, after trimming and filtering.

Variant Calling

Variants were identified using an implementation
of the GenomeAnalysisToolkit (GATK) best practice
pipeline (version 1.5; https://github.com/marchoeppn
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er/exome-seq). Briefly, reads were trimmed (FastP;
PMID: 30423086), aligned against the reference
genome (hg19; GATK bundle; https://software.broad
institute.org/gatk/download/bundle), and duplicates
marked (GATK 4.1.0.0; PMID: 20644199). Next,
read alignments were subjected to several stages of
processes to recalibrate base quality scores, generate
raw haplotype calls, and perform joint calling of vari-
ants across samples and target regions. Finally, variant
scores were recalibrated against a set of known truth
references (GATK bundle) and filtered to remove
variants that did not meet all quality criteria. The
resulting call set was annotated for predicted deleteri-
ous effects on candidate coding genes using Annovar

(September 2018; PMID: 20601685).

Variant Selection

Exonic variants and splice-site variants predicted
to have an effect on splicing and/or on the structure
and function of a protein were considered pathogenic.
As described in http://cadd.gs.washington.edu/score,
we selected mutations with a combined annotation-
dependent depletion (CADD) score >15, which pre-
dicts a functional change on the nucleotide or protein
3637 A gene panel was selected, and variants
accounted for further selection (genes in alphabetic
order: bone morphogenetic protein 6 [BMP6], ceru-
loplasmin [CP], HAMP, HJV, HFE, SLC40A41, and
TFR2).

level.

Results

Patients’ baseline characteristics are shown in
Supporting Table S1. All patients were genotyped for
the p.Cys282Tyr and p.His63Asp polymorphisms in
HFE. Prevalence of homozygosity for p.Cys282Tyr
in this cohort with hyperferritinemia was 10% (41
of 410). Comparison of sex distribution showed that
the proportion of females was significantly higher in
the subgroup of HFE hemochromatosis patients with
37% females as compared to 14% in the group of
non-p.Cys282Tyr homozygous patients (Supporting
Table S1).

Among HFE hemochromatosis patients, 95% (39
of 41) had elevated TSAT (245%) and 95% (39 of
41) had hepatic iron overload (R2* 270 s)). In HFE

hemochromatosis patients, median serum iron and
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TSAT were significantly higher than in all other
patients. Median hepcidin, hepcidin/log(ferritin) ratio,
and transferrin concentrations were significantly lower
in the HFE hemochromatosis patient group. Platelets
were significantly lower and Fibrosis-4 score (FIB-4)
scores significantly higher in patients without HFE
hemochromatosis, but median ferritin was not differ-
ent between groups. One- and 5-year overall survival
rates were comparable in both groups (Supporting
Table S1).

Median hepatic iron concentration was signifi-
cantly higher in patients homozygous for p.Cy-
s282Tyr, whereas spleen R2* was significantly lower
(Fig. 2B,C). Correlation between liver R2* and TSAT
as well as correlation between ferritin and hepcidin in
p-Cys282Tyr homozygous patients were distinct from
all other HFE genotypes (Fig. 2C,D). No such differ-
ences were found in correlation analysis between liver
R2*/spleen R2* and hepcidin (Fig. 2E,F).

Next, we analyzed patients without HFE hemo-
chromatosis  (non-p.Cys282Tyr homozygous) and
stratified them by the presence of hepatic iron over-
load (Table 1). Fifty-four percent (199 of 369) of
patients without p.Cys282Tyr homozygosity had an
increased hepatic iron concentration on R2* MRI.
No demographic differences were noted, but patients
with hepatic iron overload had a significantly higher
prevalence of fatty liver disease as underlying etiology
and history of blood transfusions (Supporting Table
S2). In the group of patients without hepatic iron
overload, median concentration of ferritin and tri-
glycerides were significantly higher and TSAT lower
(Supporting Table S2). Genetically, compound hete-
ro- and homozygosity for the p.His63Asp polymor-
phism were significantly more common in the group
of patients with hepatic iron overload (Supporting
Fig. S1). Noninvasive fibrosis markers (FIB-4 and
aspartate transaminase to platelet radio index score
[APRI]) were significantly lower in patients with
hepatic iron overload than in patients with high ferri-
tin but normal hepatic iron concentration. One- and
5-year overall survival rates did not differ (Table 1).

In order to determine the frequency and landscape
of mutations in HFE and non-HFE hemochromato-
sis genes in patients with hepatic iron overload but
no HFE hemochromatosis, NGS was carried out in
180 patients (Supporting Tables 2 and S3). Thirty-
eight percent (68 of 180) of patients had potentially

disease-associated variants in hemochromatosis genes
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FIG. 2. Serum iron parameters, tissue iron concentrations and correlation analysis in individual patients stratified by HFE genotype.
(A) Transferrin saturation is significantly higher in p.C282Y homozygous in comparison with all other HFE genotypes, defining the
first step on the diagnostic algorithm for hemochromatosis. (B) Liver R2* as a surrogate of HIC is also significantly higher in p.C282Y
homozygous in comparison with other HFE genotypes. (C, D) Patients homozygous for the p.C282Y mutation show a significantly
stronger correlation between liver R2* and transferrin saturation (C) and between ferritin and hepcidin concentrations (D). (E, F) No
significant differences where observed in thecorrelation between liver R2* (E) and spleen R2* (F) with hepcidin/log(ferritin).

TABLE 1. Clinical, Biochemical, and Radiological Data of Hyperferritinemia Patients Without p.Cys282Tyr Homozygosity
Stratified by Hepatic Iron Overload

Non-p.Cys282Tyr HH (n = 369)

Hepatic Iron Overload (n = 199) No Hepatic Iron Overload (n = 170) PValue

Age, years 55 (45-66) 52 (43-63) 0.02
Sex, female/male (%) 29/170 (15/85) 24/146 (14/86) 0.90
BMI, kg/m? 26.3(23.1-29.6) 27.8 (24.6-30.2) 0.05
Transfusion history, n (%) 21(11) 6(4) 0.01

Cirrhosis, n (%) 18 (9) 11(6) 0.36
FIB-4 1.78 (1.17-2.50) 2.00(1.25-3.17) 0.02

Serum iron, pmol/L 22.4 (17.8-28.6) 21.5(17.1-27.9) 0.39
Serum ferritin, pg/L 874 (599-1,242) 559 (426-761) <0.001
Transferrin, mg/dL 231 (202-256) 249 (225-279) <0.001
TSAT, % 40 (30-50) 34 (28-44) 0.008
Hepcidin/log(ferritin) 4.2 (2.6-5.7)* 3.6 (2.3-5.7)* 0.26

Liver R2*, ™' 97.4 (77.9-138.7) 56.5 (49.5-63.0) <0.001
HIC, mg/g 3.0(2.4-4.2) 1.8 (1.6-2.0) <0.001
Spleen R2*, 57! 57.0 (42.3-78.2) 42.9 (32.1-52.8) <0.001
1-year overall survival rate, % (n) 97.9 (137/140) 99.1(111/112) 0.63

5-year overall survival rate, % (n) 84.0 (68/81) 82.0 (41/50) 0.81

Data are given as n (%) or median (interquartile range); *n = 83, **n = 70.

Abbreviation: HH, hereditary hemochromatosis.
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TABLE 2. Clinical, Biochemical, and Radiological Data of Patients Analyzed by NGS

Mutation(s) Detected (n = 68) No Mutation Detected (n=112) PValue
Age, years 56 (42-67) 55 (47-65) 0.61
Sex, female/male (%) 11/57 (16/84) 17/95 (15/85) 0.86
BMI, kg/m? 26.6 (22.8-29.6) 26.2 (23.3-29.4) 0.68
Transfusion history, n (%) 5(7) 15 (13) 0.21
Cirrhosis, n (%) 3(4) 14 (13) 0.07
FIB-4 1.6 (1.0-2.3) 1.8 (1.2-2.5) 0.16
Serum iron, umol/L 24.6 (18.9-29.2) 21.2(16.4-28.1) 0.06
Serum ferritin, pg/L 797 (544-1,137) 936 (643-1,396) 0.03
Transferrin, mg/dL 225 (198-248) 231 (199-259) 0.41
TSAT, % 43 (35-50) 36 (28-52) 0.04
C-reactive protein, mg/dL 0.12 (0.06-0.29) 0.19 (0.10-0.40) 0.04
Hepcidin/log(ferritin) 3.5(1.9-5.1)* 4.9 (3.7-6.1)* 0.007
Liver R2*, 5™ 106.6 (79.7-131.6) 95.3 (77.0-149.6) 0.59
HIC, mg/g 3.2 (2.4-4.0) 2.9(2.4-4.5) 0.59
Spleen R2*, 57! 51.5(38.4-70.3) 63.4 (48.4-90.0) 0.002
1-year overall survival rate, % (n) 97.8 (45/46) 97.4 (76/78) 1.00
5-year overall survival rate, % (n) 86.4 (19/22) 79.5 (35/44) 0.74

Data are given as n (%) or median (interquartile range); “n = 33, *n = 48.

HAMP

HFE (C282Y)
HFE (H63D)
HFE (others)
SLC40AT

TFR2

Ferroportin disease phenotype
transferrin saturation > 45%
liver R2" 2 705"

spleen R2* <50 s

6% missense heterozygous.
‘compound missense heterozygous

missense homozygous

FIG. 3. NGS results. Tvp: transferrin saturation, liver and spleen R2%, central heatmap: distributionof mutations in the selected genes, and

percentages on the right side: overall mutation frequency for each gene.

(BMPs, CP, HAMP, HFE, SLC40A41, and TFR2; Fig.
3). In 8 of all 180 sequenced patients (4%), a mono-
genetic diagnosis could be made. Specifically, biallelic
variants were found in CP in 2 patients, one of whom
had additional variants in AFE and TFR2. One addi-
tional patient had a rare HFE variant in combination
with p.Cys282Tyr. In 5 patients (3%), likely patho-
genic variants were found in genes causing autosomal-
dominant hemochromatosis (BMP6 and SLC40A41).
In the remaining 167 patients (93%), no monogenic
cause of hepatic iron overload could be identified. In
search for polygenic causes of hepatic iron overload,

2430

likely pathogenic heterozygous variants in two hemo-
chromatosis genes were recorded. Nine of these 167
patients (5%) were heterozygous for p.Cys282Tyr in
HFE and had an additional likely pathogenic variant
in a non-HFE gene (Fig. 3). In 46 of the remain-
ing 158 patients (29%), a variant was either present
in a single heterozygous state or in combination with
p-His63Asp in HFE (Fig. 3; Supporting Table S4).
In the group of patients with mutations in HFE
and non-HFE genes, serum ferritin was significantly
lower and TSAT higher than in patients without
likely pathogenic variants. Hepcidin/log(ferritin) ratio
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and spleen R2* were lower in patients with mutations
detected (Fig. 4A; Table 2). Binary logistic regression
analysis identified low spleen iron and low serum
ferritin, but not TSAT, as independent predictors of
likely disease-associated variants (Table 3). Further
ROC curve analysis on spleen R2* revealed the high-
est Youdex index for a cutoff of 50 s (Fig. 4B). No
significant differences in 1- and 5-year survival were
present (Supporting Fig. S2).

Finally, phenotypic and genetic characteristics
of patients with suspected hemochromatosis were
compared. For this aim, likely secondary causes of
hepatic iron overload were excluded and patients were
grouped by TSAT. Prevalence of hepatic iron overload
was 77% in patients with elevated TSAT and 65% in
those with TSAT <45% (Fig. 5), but this difference
did not reach statistical significance (P = 0.14, Fisher’s
exact test). The mutation detection rate was 46% in
patients with high TSAT and 40% in those who pre-
sented with a TSAT <45% (P = 0.7, Fisher’s exact
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test), and the spectrum of likely pathogenic variants
in hemochromatosis genes was similar (Fig. 5).

Discussion

The results presented here show the diagnostic
yield of HFE genotyping, noninvasive assessment
of hepatic and splenic iron by MRI, serum hepcidin
concentration, and NGS in liver clinic patients with
hyperferritinemia.

The hemochromatosis phenotype with hepatic iron
overload and high TSAT was present in 22% (89 of 410)
of all patients, of whom 43% (38 of 89) were homozy-
gous for p.Cys282Tyr. Current guidelines recommend
performing HFE genotyping as the first diagnostic
step in patients with high serum ferritin and elevated
TSAT.**?® When patient selection for HFE genotyp-
ing was based on ferritin and TSAT alone, the diag-
nostic yield was 15% (39 of 258) in our cohort. Further

sensitivity

AUC = 0.640 (0.565 - 0.710)
P =0.001

no mutations detected mutation(s) detected

T
40

LI e |
60 80 100

100-specificity

FIG. 4. Spleen R2* as a selecting criterion for NGS. (A) In the subgroup of patients who were further studied through NGS (n = 180),
spleen R2* values were significantly lower in patients where probably disease-associated mutations were found. (B) ROC curve analysis
showed an AUC of 0.64 (95% confidence interval between parentheses), with the highest Youdex index for a cut-off of 50 st (sensitivity
49%, specificity 77%).

TABLE 3. Binary Logistic Regression to Estimate the Risk for Detection of Non- HFE Mutations (Defined as Non-p.Cys282Tyr

Homozygous) by NGS
OR Univariate (95% Cl) PValue OR Multivariate (95% Cl) PValue
Serum ferritin, pg/L 0.999 (0.999 - 1.000) 0.04 0.999 (0.999-1.000) 0.46
TSAT, % 1.008 (0.993 - 1.024) 0.30
C-reactive protein, mg/dL 1.065 (0.884 - 1.283) 0.51
Hepcidin/log(ferritin) 0.839 (0.694 - 1.014) 0.07
Spleen R2*, 57! 0.983 (0.972 - 0.995) 0.004 0.985 (0.973-0.997) 0.02
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Unexplained
hyperferritinemia
n =451 Blood transfusion(s) 1 year prior to MRI n=41
- NAFLD n=151
ALD n=54
.| Viral hepatitis n=11
SV Autoimmune n=3
Other n=5
- |
TSAT > 45% TSAT < 45%
91/186 95/186
43% 57% 2% L 98%
| 1 ( [
Cc282Y Non-C282Y c282Y Non-C282Y
homozygous homozygous homozygous homozygous
39/91 52/91 2/95 93/95
MRI R2* MRI R2*
a 52/52 . 93/93 a
77% : 23%  65% , 35%
1 | | |
Liver R2* > 70 s™ Liver R2* <70 s Liver R2*>70 s™ Liver R2* < 70 s
40/52 12/52 60/93 33/93
NGS
57/60
46% 54%  40% : 60%
| | | 1
Mutation(s) No mutations Mutation(s) No mutations
detected detected detected detected
18/39 21/39 23/57 34/57

CP: 5/18 (28%)

SLC40A1: 1/23 (4%)

BMP6: 1/18 (6%)
HFE: 16/18 (89%)
TFR2: 4/18 (22%)

CP: 6/23 (26%)
BMP6: 1/23 (4%)
HFE: 17/23 (74%)

TFR2: 7/23 (30%)
HAMP: 1/23 (4%)

FIG. 5. Prevalence of hepatic iron overload and hemochromatosis gene variants after exclusion of likely secondary causes of hyper-
ferritinemia and according to TSAT. Other: alpha-lantitrypsin deficiency, drug induced liver injury or Wilson disease.

testing for non-HFE hemochromatosis is only recom-
mended in patients with hepatic iron overload on MRI
or liver biopsy. Hepcidin/log(ferritin) ratio and transfer-
rin concentrations were significantly lower in the HFE
hemochromatosis patient group. These findings confirm
that an elevated TSAT and inappropriately low concen-
tration of hepcidin are the distinctive biochemical phe-
notypes of HFE-associated hemochromatosis (Fig. 2).
Beyond guideline recommendations, MRI was per-

formed in the entire cohort regardless of TSAT. This
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analysis showed that 62% (71 of 113) of patients with
normal TSAT had high liver iron concentrations.
TSAT therefore is a good selection marker for HFE
genotyping, but a poor predictor of hepatic iron over-
load, in non-p.Cys282Tyr homozygous patients.

In our cohort, patients without hepatic iron overload
had a higher body mass index (BMI) and triglycerides,
suggesting that NAFLD is a common cause of hyper-
ferritinemia.’
inemia, ferritin likely reflects subclinical inflammation

3839 In the case of metabolic hyperferrit-
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and can indicate advanced liver fibrosis.“? If hyper-
ferritinemia is associated with hepatic iron overload
in patients with metabolic syndrome, the condition
is known as DIOS.*) Accordingly, we found higher
noninvasive fibrosis scores (FIB-4 and APRI) in met-
abolic hyperferritinemia than in DIOS. The findings
from recent prospective clinical trials, that phlebot-
omy is ineffective in metabolic hyperferritinemia and
DIOS, further suggest that fibrosis is primarily driven
by inflammation rather than by iron overload. H1,42)

Secondary causes of high serum ferritin and mildly
increased hepatic iron concentrations also include
alcohol related liver disease, viral hepatitis, and
advanced liver disease, which are all associated with
reduced hepcidin levels.*** Given that these condi-
tions can coincide with genetic defects associated with
hemochromatosis, patients with hyperferritinemia
were included regardless of their risk-factor profile
and severity of hepatic iron overload for the primary
analysis presented here. After exclusion of patients
with potential secondary causes of hyperferritinemia,
the mutation detection rate was 43%, which is only
slightly higher than in the entire cohort (38%; Fig. 5).
This illustrates the genetic contribution to the phe-
notypic presentation even in patients with acquired
cofactors for the development of hyperferritinemia
and hepatic iron overload.

High liver iron was present in 54% (199 of 369)
of patients without p.Cys282Tyr homozygosity, of
whom 65% (129 of 199) had a hemochromatosis
phenotype with high TSAT. When patients with
hepatic iron overload were evaluated by NGS, regard-
less of TSAT, potentially disease-causing variants
were detected in 38% (68 of 180), but monogenic or
digenic causes of hepatic iron overload could be found
in only a minority. Therefore, liver iron concentrations
could be determined by variants in other genes, com-
mon polymorphisms, nutrition, and environmental
modifiers.**)

In CP, where most variants were identified after
HFE, likely pathogenic variants were present in 25%
(17 of 68) of patients, 2 of whom were compound
heterozygotes. Both patients had normal ceruloplas-
min concentrations and no neurological impairment,
suggesting that CP variants can not only present as
aceruloplasminemia, but also with isolated hepatic
iron overload. Further in witro studies are needed to
determine the functional consequence of these rare
variants. Our findings are in line with another study

VIVEIROS ET AL.

reporting a high prevalence of CP variants in patients
with hepatic iron overload.*”

In contrast to previous studies reporting a preva-
lence of 80%-90% homozygosity for the p.Cys282Tyr
variant in HFE in Whites with phenotypic hemo-
chromatosis,® % the present study shows that only
10% of patients referred for the evaluation of high
serum ferritin were homozygous for this variant. This
difference could be attributed to the fact that first-
level HFE genotyping was performed regardless of
increased TSAT and to the distinct phenotype of
patients with BMP6 and SLC40A1 variants.

Identification of previously reported BMP6 and
SLC40A1 variants in this study further supports the
phenotypic description of non-HFE hemochromatosis
caused by mutations in these genes.(47’48) The variant,
p-L69P, in BMP6 was found in an 82-year-old patient
who had documented normal serum iron parameters
at the age of 73 years (Supporting Table S4, patient
number 2). At the age of 82, the patient presented
with a serum ferritin of 543 pg/L and a hepatic iron
concentration of 46 umol/g (hepatic iron index, 0.56),
which indicates a mild phenotype in accord with
the previous report on this variant.*’
ber 48 (Supporting Table S4) was heterozygous for
another likely pathogenic BMP6 variant and showed
a mild phenotype with normal TSAT and a hepatic
iron concentration of 37 pmol/g (hepatic iron index,
0.60) and reported a regular alcohol consumption of
50 g/d. These findings suggest that heterozygosity for
BMP6 variants confers only moderate iron overload.
The potential disease-modifying effect of BMP6 vari-
ants is indicated by 2 additional patients who were
also carriers of biallelic HFE polymorphisms (1 com-
pound heterozygous p.Cys282Tyr/p.His63Asp and 1
homozygous for p.His63Asp). One of these patients
(Supporting Table S4, patient number 31) even had
an additional mutation in 7FR2. Patient number 37
presented at the age of 35 years and was heterozy-
gous for an SLC40A1 variant and also compound
heterozygous for p.Cys282Tyr/p.His63Asp. His mild
iron overload with an HIC of 37 pmol/g (hepatic
iron index, 1.1) and normal spleen iron concentration

show the age dependence of p.W158C ferroportin
(48)

) Patient num-

disease penetrance.

Potential limitations of the current study include
that the functional consequence of sequence variants
was predicted by CADD score alone without segrega-

tion studies or functional analysis.***” Classification
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of variants according to the American College of
Medical Genetics and Genomics and the Association
tor Molecular Pathology criteria will therefore require
further in witro analysis and independent clinical
validation.*”

Considering the cost and low diagnostic yield of
NGS in this real-life clinical cohort, further selection
criteria for advanced genetic testing are required. The
recent definition of hemochromatosis as a syndrome of
low hepcidin explains reduced spleen iron because of
uncontrolled iron release.*” The present study shows
that patient selection based on low spleen iron could
improve the pretest likelihood for identifying patho-
genic variants on NGS. Given that lower spleen iron
indicates reduced hepcidin effect, hepcidin was also
evaluated for its value to predict pathogenic sequence
variants, but did not further improve pretest likelihood.

In conclusion, when approaching liver clinic
patients with hyperferritinemia, our data confirm that
HFE genotyping should be guided by TSAT. High
liver iron and low spleen iron are predictors of likely
pathogenic variants in hemochromatosis genes. Such
recessive variants could explain hyperferritinemia with
hepatic iron overload in a subset of patients, who can

present with variable TSAT.
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